Vesta is the asteroid with the largest albedo variation among the known rocky Solar System objects and shows a widespread occurrence of dark material (DM) and bright material (BM) units. In the first observation phases by the Dawn spacecraft, two main extensions of low albedo areas were identified on Vesta and found to be closely correlated with carbonaceous, OH-rich, material. In this work we use the hyperspectral data provided by the VIR-Dawn imaging spectrometer onboard Dawn to detect and analyze individual, well-defined, dark material units. We define DM units assuming a relative criterion, i.e. reflectance lower than the surroundings. By coupling visible and infrared images of the same area we are able to select real dark material units, discarding false detections created by shadowing effects. A detailed final catalogue of 123 dark units is presented, containing the geographical parameters and the main spectral characteristics for each unit. Independently of the geological context of the dark units, all DMs show similar spectral properties, dominated by the pyroxene absorption features, as is the average spectrum of Vesta. This finding suggests a similar composition, with the presence of darkening agents that also weaken pyroxene band depths. The majority (90%) of the DM units shows a positive correlation between low albedo and an OH band centered at 2.8 lm, confirming the hypothesis that the darkening agents are carbonaceous chondrites, probably delivered by low-velocity impacts of primitive asteroids. A comparison with laboratory spectra allows us to better constrain the size and the composition of the darkening agents. These DM areas seem to be made of eucritic material. The regolith grain size seems to be nearly constant around an average value of 25 lm, and is quite homogenous at least in the first hundreds of meters beneath the Vesta surface, suggesting similar processing mechanisms for both DM and BM.
Introduction
Prior to 2011, our knowledge of Vesta was derived from space-based and ground-based telescopic observations: visible and near-IR spectroscopy have shown that the surface of Vesta exhibits absorption features indicative of basaltic minerals, similar in composition to the howardite-eucrite-diogenite (HED) family of basaltic achondrite meteorites, leading to the conclusion that Vesta was the most plausible candidate to represent the HED parent body (e.g., McCord et al., 1970; Gaffey, 1997; Binzel et al., 1997) .
Ground-based and Hubble Space Telescope (HST) images of Vesta have revealed that the surface is not covered with uniform material, but instead exhibits local color and albedo variations of 10-20% (e.g. Gaffey, 1997; Binzel et al., 1997; Li et al., 2010) .
In July 2011 NASA's Dawn spacecraft entered into orbit around Vesta for a year-long mapping phase (Russell et al., 2007 (Russell et al., , 2012 during which the real nature of the asteroid was unveiled, making remarkable discoveries that strongly improved understanding of the origin and evolution of the Solar System and its building blocks (Russell et al., 2012; De Sanctis et al., 2012a; Jaumann et al., 2012; Prettyman et al., 2012) .
During the first year of orbit around Vesta, the Dawn spacecraft took color and hyperspectral images of Vesta by means of the Framing Camera (Sierks et al., 2011) spectrometer (VIR) (De Sanctis et al., 2011) and mapped the surface elemental composition at regional spatial scales by means of the Gamma Ray and Neutron Detector (GRaND) (Prettyman et al., 2011) .
Dawn confirmed that Vesta has a composition spanning from the eucritic to the diogenitic, and found a strong dichotomy between the southern and northern hemispheres and between eastern and western hemispheres (Ammannito et al., 2013a; De Sanctis et al., 2012a; Reddy et al., 2012a) .
The VIR spectrometer showed that there are considerable regional and local albedo and compositional variations across the asteroid, and that diogenitic components are concentrated mainly in the southern region, particularly matching the Rheasilvia impact basin (De Sanctis et al., 2012a; Ammannito et al., 2013a; McSween et al., 2013) .
Furthermore, it has been observed that Vesta is the asteroid with the largest known albedo variations (Reddy et al., 2012a; Li et al., 2013; Prettyman et al., 2012; Denevi et al., 2012) . Surface brightness is not uniform, and bright and dark material units (hereafter tagged as BM and DM units) are observed at local scale (Jaumann et al., 2012; McCord et al., 2012; Palomba et al., 2013; De Sanctis et al., 2013; Zambon et al., 2014) . DM units are non-randomly distributed across Vesta's surface and often are associated with specific geo-morphological features . Typically DM units are associated with impact features and likely consist of ejecta materials, both inside and outside craters. However, they are also associated with soil movements and mass wasting. In addition to DM units, a broad low-albedo region that extends from 90°to 200°longitude and 64°S to 16°N latitude was observed on Vesta . The characteristics of this region are compatible with the presence of a darkening agent finely mixed with the original Vesta regolith. A plausible explanation is that this material was delivered to Vesta by lowalbedo (probably carbonaceous) asteroids over time and that subsequent impact gardening created a mixed layer to depths between one and several kilometers (McCord et al., 2012 ). An alternative hypothesis is that the dark material is delivered by small carbonaceous chondrite (CM type) particles up to at least centimeter size over a limited time span (De Sanctis et al., 2012b) . This event may have delivered CM material during the early evolution of Vesta (after differentiation and crust formation), which upon subsequent cratering may have mixed into the regolith. A major impact may also have produced an uneven distribution. The two scenario can be considered the two endmembers of the continuous flux scenario, discussed in Turrini et al. (2014) , according to which bot large stochastic events and micrometeoroid flux can have been occurred onto the Vesta surface.
The carbon-rich, low-velocity impactors discussed in all the scenarios would deposit hydrated compounds onto the dark areas on Vesta, which in fact show a weak but well-defined OH spectral feature at 2.8 lm (De Sanctis et al., 2012b; McCord et al., 2012) . Combining seven color Framing Camera images of a representative DM unit samples with laboratory data show a close relationship between DM areas. The broad low albedo areas seems to confirm the possibility that DM originated in a low-velocity (<2 km/s) carbonaceous body during the formation of the 400 km diameter Veneneia basin (Reddy et al., 2012b) . This scenario seems to be supported by the recent global distribution found by the Framing Camera, in which many DM units are concentrated in the northern parts of the Veneneia impact basin .
A possible alternative and endogenic source for dark material on Vesta is represented by freshly exposed mafic material or impact melt, created or exposed by impacts, both rich in opaque phases and volcanic units (McCord et al., 2012) .
The scope of this paper is to identify and map the locations of dark material units on the surface of Vesta using VIR data. Assuming that the dark materials are more concentrated near their source on the surface, we focused on the detection of areas that combine local extrema of low albedo and high surface temperature. This analysis led us to build a taxonomic catalogue of the different types of deposits, to study the general spectral property trends and individual peculiarities of the low-albedo materials, and to consider all the postulated sources for the darkening. The hypotheses of delivery of carbonaceous chondrites, as well as opaques, or impactshocked materials will be compared in detail.
The possible causes of darkening such as the grain size variation, the presence of carbonaceous chondrites, impact-shocked materials or opaque rich compounds, are discussed in Section 2. In Section 3 we give an overview of the spectral data used and define the spectral parameters suitable to analyze the mineralogy of DM. We present the methodology adopted to detect DM and their classification in Section 4, whereas in Section 5 we discuss the composition and origin of DM, offering endogenic sources as alternatives (or as complementary) to the exogenic carbonaceous sources or other opaque rich materials. Finally, conclusions are given in Section 6.
Darkening agents
There are many agents that can darken a Vis-NIR spectrum that can be at the origin of the DM units on Vesta: grain size, carbonaceous chondrite materials, opaques and metals.
Regolith grain sizes
It is well known that a general decrease in reflectance is observed with increasing grain size (Adams and Filice, 1967; Clark et al., 1992) . For example, on Mars, low albedo regions typically consist of coarse-grained (mm size) regolith whereas bright regions are formed by fine-grained (lm size) dust (Ruff and Christensen, 2002) . This behavior is also observed in several laboratory spectra of different materials (e.g. Cloutis et al., 2013) . Similarly, and especially in pyroxenes, the increase in grain size will deepen both Band I and Band II and result in band saturation which is achieved for $100 lm (Cloutis et al., 2013) .
Carbonaceous rich material
Among common asteroidal materials, carbonaceous chondrites are some of the darkest. Here, the major opaque darkening phases are represented by magnetite and various carbonaceous phases. The carbonaceous phases refer to material that is rich in carbon. It is fine-grained, finely dispersed and intimately associated with phyllosilicates (Mason, 1962; Pearson et al., 2002; Garvie and Buseck, 2004; Kebukawa et al., 2010; Clemett et al., 2010) . As a result, in spite of its low overall abundance (a few percent) it is very effective at darkening the reflectance spectra of carbonaceous chondrites (Gaffey, 1976) . Decreasing petrologic grade (from 3 to 1) follows a change in the basic mineralogy from anhydrous to hydrous silicates.
Generally, darker carbonaceous chondrite spectra are correlated with bluer spectral slopes: a behavior most consistent with an increasing abundance of fine-grained magnetite and/or insoluble organic material (IOM). There are many examples of carbonaceous chondrite clasts in howardites, typically with abundances up to 5 vol.% (Zolensky et al., 1996) , although one sample (PRA 04401) shows an abundance as high as 60 vol.% (Herrin et al., 2011; Cloutis et al., 2013) .
Impact shock processes
Impact shock of mafic silicates can lower albedo and reduce band depth (Gaffey, 1976; Adams et al., 1979) . There are two main processes that are responsible for this. Comminution and dispersion of micron-scale nickel iron metal and troilite are common processes in ordinary chondrites (OC) (e.g. Britt and Pieters, 1994) but should be less efficient in HED, in which the original opaque and metal abundance are significantly lower than in OCs. Glass formation is the other process that is more effective as the abundance of plagioclase is larger in HEDs, and plagioclase is more fragile than pyroxene. Impact shocks experiments of plagioclases show a complex behavior of the measured reflectance versus impact shock, with a decrease in reflectance interrupted by a slight increase coinciding with the onset of diaplectic glass formation. Finally as maskelynite is generated at higher pressures, reflectance further decreases. The overall effect is a general reflectance decreasing with the shock pressure with drops of more than 60% with respect to the unshocked sample (Johnson and Horz, 2003) .
As an example, the Padvarninkai eucrite is the one of the most heavily shocked eucrite known with most of the plagioclase converted to maskelynite with significant impact melt glass (Hiroi et al., 1995) . There are some other HED examples with abundant impact melts or glasses that demonstrate this process: the polymict eucrite LEW85303 with an impact melt matrix, Macibini, a eucritic breccia with a very large clast composed of 50% devitrified glass and 50% silicates (Buchanan et al., 2000) , and Jiddat al Harasis (JaH) 626, a polymict eucrite that experienced significant impact shock and melt quenching (Cloutis et al.,, 2013; Irving, 2012) . However, excluding Padvarninkai and Macibini, both LEW85303 and Jiddat al Harasis show high reflectances not compatible with DM units (Reddy et al., 2012c) .
Opaques and metals
The presence of opaque and metal phases in a moderately bright compound such as pyroxene tends to lower the reflectance. By increasing the metal abundance in a mixture, the overall effect is a decrease in reflectance and in both the BDI and BDII (Cloutis et al., 1990) . However, the inventory of opaque-rich eucrites is scarce and the abundance of these phases is not larger than 1% (Mayne et al., 2010) 
Tools and data reduction
The VIR instrument consists of a single optical head, with two channels, the visible (0.2-1 lm, with 1.8 nm resolution) and the infrared (1-5 lm, with 9.5 nm resolution) and produces hyperspectral data with three dimensions, two spatial and one spectral.
Our DM unit survey was applied to the data obtained during all phases of the mission, characterized by different VIR nominal resolution: Approach (700-1300 m/pixel), Survey (altitude $2700 km and resolution $700 m/pixel); High Altitude Mapping Orbit (HAMO -altitude $685 km and resolution $200 m/pixel); Low Altitude Mapping Orbit (LAMO -altitude $200 km and resolution $70 m/pixel) and HAMO2 (similar altitude and resolution of the HAMO phase), the last phase before departure from Vesta.
Definitions of spectral parameters
Vesta spectra are dominated by two pyroxene absorption bands, commonly referred to as Band I and Band II and respectively centered at about 0.9 lm and 1.9 lm. To study the spectral properties of dark materials and to understand the mineral composition and possibly the physical characteristics of the regolith (i.e. effective grain size), we introduce in our analyses spectral parameters such as the band center (BC), the band depth (BD) and the band area ratio (BAR). These spectral parameters have been found to be useful for extracting compositional information from mafic silicate-bearing mixture spectra (Cloutis et al., 1986) . For example, band centers are commonly used to analyze the pyroxene composition (e.g. Cloutis and Gaffey, 1991) and the HED type (Burbine et al., 2001) , band depths are sensitive to the regolith grain size and to the presence of opaque contaminants (Cloutis et al., 2013) , the scatterplot BC-BAR is sensitive to olivine abundance in a mixture olivine-pyroxene and is used to distinguish achondritic from the ordinary chondritic materials, while the BCI-BCII is more suitable to identify significant olivine components in HED-type assemblages (e.g. Cloutis et al., 1986; Duffard et al., 2005; Ammannito et al., 2013b) .
Band center is defined as the band minimum after the spectral continuum removal, whereas band depth is defined as: 1 À R b /R c (Clark and Roush, 1984) , where R b and R c are the reflectance of the band and the spectral continuum at the BC (Gaffey et al., 2002) .
Band area is the area enclosed between the spectral curve and the continuum. BAR (defined in Cloutis et al., 1986 ) is the ratio between Band II area and Band I area.
Another spectral parameter that proves useful to characterize the studied minerals is the Band II half-width half maximum (HWHM), defined as the distance between the wavelength corresponding to the half of the short wavelength shoulder reflectance and the band minimum (Cloutis et al., 2013) .
Following an approach similar to Moskovitz et al. (2010) , fourth-order polynomial fits have been used to fit the Band I shoulders (between 0.55 and 0.80 lm, and between 1.10 and 1.69 lm respectively) and the Band I and Band II reflectance troughs (between 0.80 and 1.10 lm and between 1.81 and 2.07 lm respectively).
Band I continuum is defined as the straight line starting from the 0.7 lm maximum and tangent to the spectral curve, whereas Band II continuum is the straight line from the maximum between 1.10 and 1.69-2.40 lm. Typically, the 2.40 lm cut is justified by the possible presence of a water band in laboratory samples, which could affect the retrieval of the spectral parameters relative to Band II (Cloutis et al., 1986) . All the spectral parameters have been calculated on spectra given by the polynomials overlapping in order to improve signalto-noise ratio.
Photometric influences
Vis-NIR spectra are strongly affected by illumination conditions: radiation interacts differently with regolith particles, depending on the incidence, emission or phase angles, producing different reflectances and spectral shapes and changing spectral parameters.
Usually, this behavior can be reproduced and corrected by applying a good photometric model to the data. Schroder et al. (2013) and Longobardo et al. (2014) demonstrated that FC and VIR data can be photometrically corrected by applying an Akimov parameter-free disk function (Shkuratov et al., 1999; Eq. (29) ) and an appropriate phase function. The former should remove any topographic effects (i.e., dependence on incidence and emission angles), whereas the latter corrects the observational geometry. A statistical analysis of VIR spectra allowed us to retrieve a phase function for both high and low resolution data at 0.75 lm and 1.2 lm . These phase functions have been used to obtain a photometrically corrected reflectance at these wavelengths. Also the band depths have been corrected by applying the empirical phase function found by Longobardo et al. (2014) .
To properly compare VIR data with laboratory results, reflectance and band depths were calculated at the following conditions: incidence angle 30°, emission angle 0°and phase angle 30°.
In terms of other effects on band centers, laboratory measurements showed that they are influenced by temperature variations (e.g., Burbine et al., 2009; Reddy et al., 2012c) . In particular, they move towards longer wavelengths with increasing temperature. This has been observed also in the Vesta dataset, in the limit allowed by the Vestan temperature range. Longobardo et al. (2014) found that the Band I and Band II center displacements are 5.5 Á 10 À5 lm K À1 and 18 Á 10
, respectively. These band center-temperature slopes have been applied to VIR data in order to retrieve the band center location at a temperature of 300 K, i.e., a temperature where laboratory spectra are usually acquired. On average, the band center shift is comparable or lower than the VIR IR spectral resolution: considering a Vestan average surface temperature of 250 K, the band centers displacement is about 3 nm for the Band I, and about 9 nm for Band II.
Finally, the BAR is not affected by illumination angles, as observed on both HED spectra and VIR spectra .
For each of the DM units, the mean value of spectral parameters introduced above have been calculated on the whole dark region in order to emphasize possible correlations between darkening and spectral parameters.
Dark material unit catalogue and classification

DM catalogue definition
Low-albedo regions found on Vesta span very different extents (from 1 to 20 square degrees) with varying degrees of reflectance (from 0.1 to 0.23) among and within some units. Further, shadows and lighting conditions can affect detection and mapping of DM. Although Vesta is one of the largest main belt asteroids, it is small enough so that the interaction of the light with geomorphological structures such as steep slopes or impact features (Jaumann et al., 2012) can be exaggerated, creating play of light and elongated shadows projected on the surface, even in photometrically corrected images. This is due to the fact that the photometric correction takes into account the observation angles averaged over the area intercepted by each pixel. Nevertheless, the incidence and emission angle can strongly vary within this area, and this occurs especially near the crater rims. This generates shadows inside the region intercepted by each pixel, dramatically lowering the corresponding albedo and leading to a false positive detection of a DM unit.
To overcome this complication and obtain a precise discrimination of DM, we adopt a functional definition of DM units, based on two parameters, photometrically-corrected reflectance and temperature. The method followed to retrieve temperatures from VIR infrared data is detailed in the Appendix of Tosi et al. (2014) . It is basically a Bayesian approach to nonlinear inversion that already proved to be successful for Rosetta/VIRTIS data of asteroid Lutetia (Coradini et al., 2011; Keihm et al., 2012) , and that was extensively applied to the entire VIR data archive obtained at Vesta. Compared to other approaches, the Bayesian approach does not require any extrapolation of the spectral reflectance in the thermal region, allows a simultaneous retrieval of the unknown quantities (temperature and emissivity), and offers a clear way to include an a priorihypothesis (i.e., the best estimate of the unknown parameters prior to their measure) in the solution.
We do not adopt an ''absolute'' definition of a dark region, i.e., a region with a reflectance lower than a certain threshold. Instead, we will adopt a relative definition of dark unit, i.e., a region darker than the surroundings that allows us to identify the presence of a darkening end-member even in brighter regions. Similarly, a relative definition has been adopted for bright material units (Li et al., submitted for publication).
By combining albedo and thermal emission of a pixel (or a group of pixels) we are able to distinguish shadows from genuine DM units: a shadowed region would appear dark and will be cooler than the surroundings; conversely, a genuine DM unit is warmer or shows similar temperatures than the surrounding lit regions. An example of how this happens for a false positive and a ''real'' DM detection, is shown in Fig. 1 . The DM catalogue was built by dividing the dark material units in two main groups: Very Dark and Dark, depending on their reflectance value at 1.2 lm compared to the reflectance average value of the entire image cube.
If R 1.2 is the albedo as measured by VIR and T is the temperature as obtained by VIR thermal spectra then a Dark Material (DM) or a Very Dark Material (VDM) area is found if R 1.2 is 15% and 30% lower than the frame average R 1.2m , respectively. The first threshold, i.e., 15%, is the 1.2 lm reflectance difference between a typical dark and a typical intermediate Vestan material (McCord et al., 2012, Fig. 3 ). In addition a typical intermediate region has a reflectance spread of about 30% around its average value (McCord et al., 2012 Fig. 4) , hence a reflectance value at least 15% lower than the local average is outside the reflectance range corresponding to an intermediate region, i.e., it is a dark unit. When the reflectance deviation from the local average is two times this threshold (i.e., 30%), we label the corresponding region as VDM.
The catalogue of DM units, with the relative geological context and spectral properties is listed in Table 1 .
DM general properties
In addition to a broad equatorial low-albedo area located between 75°E and 150°W, observed and analyzed in detail by McCord et al. (2012) and Jaumann et al. (2014) , 123 A large number of DM units (i.e. about 20) is located in the region limited by the Helena (41°S, 122°E), Serena (20°S, 120°E), Octavia (3°S, 147°E), Sextilia (39°S, 146°E) and Fonteia (53°S, 141°E) craters. Dark material found here is mainly of subsurface origin, as inferred by the fact that most DM units are dark outcrops from craters , even if ejecta and areal features are also observed. Also most of the bright units present in this area are associated with crater wall/scarp materials. In addition, this region is one of the most OH-enriched of the whole Vesta surface, since it is part of the Water Rich Terrain 1 observed by De Sanctis et al. (2012b) .
Other DM units are grouped around well-known Vesta features located at equatorial latitudes, such as Aricia Tholus (5-15°N latitudes, 155-165°longitudes), as well as the Marcia and Calpurnia craters (185-205°longitudes). These features are characterized 
Table 1
List of dark material units found on the Vesta surface, with related geographic, geometric and spectral information. ''Lab'' indicates the label given to each unit and is given by D (for dark deposits) or VD (for very dark deposits) with a cardinal number increasing from high to low latitudes. ''LatMin'', ''LatMax'', ''LngMin'' and ''LngMax'' identifies the coordinates which include the unit. ''Type'' is the geomorphologic family (E for ejecta, AF for areal features, CR-CF-CW for crater rims, floors and walls, respectively -combination of them are possible -LF for linear features). ''Cam'' indicates if the feature is present also in the FC dark units catalogue; ''Cov'' is the coverage (% of detections ratioed on total by a mixture of bright and dark materials (Li et al., 2013) . The Aricia dark unit was generated by an impact event which excavated dark material; Marcia is a large impact feature that is dominated by material that experienced mass wasting from a dark layer inside the crater and accumulated on a plateau above the crater floor, whereas the dark material in Calpurnia crater is a dark avalanche . The characteristics of DM in the region between Cornelia and Numisia craters (latitudes 14°S-6°N and longitudes 219-254°), whose detailed albedo map as inferred by VIR data can be found in Longobardo et al. (2014) , suggest that dark material was mixed in the regolith by preexisting impacts and then excavated by these two major craters. A more detailed analysis of the Numisia ejecta is given below. Other small groups of DM are observed at low longitudes (10-45°), around the Rubria and Occia craters (30°S-0°latitudes) and around Tarpeia (60°S), and between Gegania and Eutropia (longitudes 60-100°and latitudes 5-25°N). Otherwise, sparse (i.e., not grouped) DM is located at higher and lower latitudes.
Multiple observations and detections of most DM are available. The ''coverage'' (CO in Table 1 ) gives for each unit the ratio between number of detections as DM and number of observations of the same unit. Most of the units have also been detected by FC (see the ''Cam'' column in Table 1 ).
According to geomorphological characteristics shown by the Framing Camera images and discussed in Jaumann et al. (2014) , dark units can be divided into 4 main families: (1) Ejecta (E); (2) Crater associated features (Crater Rims -CR, Crater Slopes -CS, Crater Walls -CW, Crater Floors -CF, or combination of these); (3) Areal Features (AF); and (4) Linear Features (LF). Ejecta and craters are features related to impacts. In particular, fresh craters show sharp and unmodified rims, as well as ejecta units (Jaumann et al., 2012) . Linear features can be channels, crest of buried craters/crater rims, depressions or dome margins, lineaments, scarp bases or crests, and troughs (Jaumann et al., 2012) . Finally, areal features include mantling material, patterned ground, secondary crater chains and hummocky terrains (Jaumann et al., 2012) . Statistically, the taxonomy of the dark material units is well represented as shown in Fig. 3 and is dominated by the ejecta (about 40% of the total units) whereas the other three families, linear feature, crater-associated feature and areal feature, are nearly equally represented in the DM.
Spectral parameters mapping of the different DM families
VD3 unit (Fig. 4) is an example of the first DM family and it is a dark ejecta, generated by a small unnamed impact crater in the Aricia Tholus region . It extends across latitudes 14-15°N and longitudes 179-180°and has been detected in six observations. The unit has an eucritic composition, as revealed by the band centers analysis (see Table 1 and discussion in Section 5.1), and it is extremely rich in OH: the distribution maps of OH and albedo (or band depth II), appear to be anti-correlated, a common behavior for every DM deposit (see .
VD7 (ranging from 3°S to 6°S latitudes and 247°to 250°longi-tudes) is a sample of the crater associated DM units and corresponds to the Numisia (eucritic) crater rim (Fig. 5) . The very dark material present here originated from the dark subsurface layer which is exposed in the northern crater wall . This DM is one of the most observed by VIR (eight Fig. 5 . VD7 deposit. Reflectance (left), OH-band depth (center) and Band II depth (right) maps overlapped to the Framing Camera mosaic (Jaumann et al., 2012) . All the maps are projected on the Vesta Digital Terrain Model. Fig. 6 . D54 deposit. Reflectance (left), OH-band depth (center) and Band II depth (right) maps overlapped to the Framing Camera mosaic (Jaumann et al., 2012) . All the maps are projected on the Vesta Digital Terrain Model. Fig. 7 . D83 deposit. Reflectance (left), OH-band depth (center) and Band II depth (right) maps overlapped to the Framing Camera mosaic (Jaumann et al., 2012) . All the maps are projected on the Vesta Digital Terrain Model. hyperspectral images). Again the distribution maps show a very clear spatial anti-correlation between OH-band depth and albedo (or BDII). Fig. 6 shows an example of an areal DM feature, the D54 unit, which extends from 12.5°S to 15°S latitudes and 330°to 332°lon-gitudes. Also in this case the composition is eucrite-rich.
The linear feature D83 (Fig. 7) , located at 33-37°latitudes and 281-285°longitudes, is eucritic, too. Interestingly and differently from the previous cases, in this unit there is not a local OH enrichment, as shown by the map distribution of the OH absorption band.
DM units: Composition and origin of the darkening
In order to understand the composition and the origin of the DM units a step by step process will be applied, beginning with the spectral comparison among the different DM families. A second step will be the study of the composition (eucritic-howarditicdiogenitic), followed by the analysis of grain size influence and finally by the interpretation of the causes at the origin of the darkening. Spectral parameters calculated on the VIR spectra and on HED or Vesta-relevant laboratory spectra will support this analysis.
Laboratory spectra of HEDs, mixtures of metal-pyroxene, eucrite-carbonaceous chondrite, were collected from the RELAB database or provided by the HOSERLab at the University of Winnipeg's (see Table 2 for details).
Firstly, we compare a typical spectrum of Vesta with dark and bright material unit spectra. Excluding the obvious difference in the overall albedo, all the spectra show the same absorption bands. We did not find any DM spectra that exhibit any additional major spectral feature other than the 0.9 and 1.9 lm ones, even though a weak 2.8 lm feature is frequently observed. This strong indication suggests a DM composition similar to the average Vestan material, i.e. pyroxene-rich material such as an HED.
In general, all the analyzed DM show a 40-50% decrease in both the band I and Band II depths, with respect to the BM (Fig. 8) . The most variable parameter is the BAR, ranging from 1.4 to 2.2; however all these observed values are fully compatible with the BAR retrieved for a very large set of HEDs (e.g. Moskovitz et al., 2010) .
The different DM geological families show similar spectral properties, with an average eucritic composition (see subsection 5.1), band depths between 0.4-0.5 (Band I) and 0.15-0.20 (Band II), Band II HWHM between 0.17 and 0.30, and OH band depth between 0.01 and 0.03. The dark units associated with linear features are slightly brighter than the other DM units (Fig. 9) , and this is reflected also in the deeper band depths (with BI and BII depth usually larger than 0.38 and 0.18 respectively), in the larger band II HWHM (between 0.25 and 0.30) and in the lowest OH presence (band depth around 0.01). In addition, they are on average the most howardite-rich samples among the DM units, (see the next subsection). The slight difference between linear features and other DMs can be explained by the fact that the former are mainly located at low latitudes, where reflectance is on average larger and therefore areas detected as dark material units could have a larger absolute reflectance, as is observed. This means that DM linear features can be considered a mixture of less dark and brighter background material that produces slightly brighter and OH-poor DM units.
Composition
An attempt to explore more precisely the compositional variability of DM within the HED family can be done by plotting the Band I Center versus Band II Center, which is generally used as a compositional plot because it shows a clear trend from diogenites to eucrites (e.g. Gaffey, 1976; De Sanctis et al., 2013; McSween et al., 2011) .
In Fig. 10 Sanctis et al. (2013) , the majority of the Vesta surface is howarditic/eucritic to eucritic. The DM units and the BM units overlay in the same scatterplot region, similarly to typical Vesta, even if the dark materials are on average more eucritic. As a matter of fact, the percentage of eucritic DM units is 72% whereas it is 55% for BM units (Zambon et al., this issue) . In addition, in contrast to what is observed for BM, no dark diogenitic units have been observed.
Grain size effect
An increase in grain size produces a decrease in reflectance and an increase in band depth (Cloutis et al., 2013) . The BDI versus BDII plot of DM units (Fig. 8 ) is very interesting and shows shallower band depths for DM units with respect to BM units, indicating smaller grain size for DM units, as suggested by the behavior of the HED on the same plot. Nevertheless, the low reflectances of DM units would indicate relatively large grain size, as opposed to what is suggested from the analysis of the band depths. The addition of an increasing abundance of carbonaceous chondrite or metal in a pyroxene-rich material has the same effect of reducing both the reflectance (as expected) and the band depths. Combining the reflectance and the BD in a scatterplot allows us to disentangle the changing grain size from the darkening agent effects. The behavior of the reflectance versus BDI or BDII are practically identical, therefore we select BDII versus reflectance scatterplot ( Fig. 11a and b) ; to analyze in detail the different behaviors. In order to have a close comparison with the typical Vestan material we selected here only eucrite and howardite samples, omitting diogenite samples, as the diogenitic material is more sporadic on Vesta (De Sanctis et al., 2012a and absent on Vesta DM units. Five eucrites and one howardite are available in four size intervals (0-25, 25-45, 45-75, 75-125 lm), two eucrites in the intervals (0-25, 25-45 lm), and two eucrites and three howardites in the smallest size interval only. For each meteorite sample, there is a common behavior in the scatterplot as the grain size decreases, i.e., the reflectance increases and the BDII decreases, as indicated by the arrow (from the upper left to the bottom right).
The 0-25 lm and the 25-45 lm grain size clusters (light blue and pink ellipses, respectively) show a very interesting behavior. There are eight eucrite/howardite samples that have points in both the dimensional intervals and for each sample the distance between these points in the BDII-reflectance plane is very similar. For each dimensional interval, six out of eight of these HED samples behave in a quasi-linear way with the exception of the howardite EET83376 (black filled diamonds) and the eucrite ALHA76005 (blue filled squares). The 0-25 and 25-45 points for these two samples seem to have a smaller band depth and lower reflectance than the other samples, being located away from the others and from their linear behavior towards the direction of smaller grain size (see the dimensional arrow). We believe that the most reasonable explanation for this peculiarity stands in the production of the fine-grained samples from the bulk meteorite; in fact it is possible that the apparent decreasing of grain size for EET83376 and ALHA76005 could be due to the increasing in the grinding time of the bulk specimens. While a dedicated experiment could better address this aspect, our intent here is to try to define a dimensional domain in the BDII-reflectance plane identifying dimensional size boundary. For this purpose we discarded the points of these two samples, defining with a good approximation the linear boundaries Cloutis et al. (1990) for the 0-25 lm, 25-45 lm size, by linearly fitting the points corresponding to each size interval. It is interesting to look at the behavior of the CC-clast rich eucrite PRA 04401 at different grain sizes and the eucrite-Murchison mixture series ( Fig. 11a and b) : the two larger size intervals for PRA 04401 (45-90 and 90-250 lm) are nearly coincident, whereas the smaller size interval (0-45 lm) moves towards the dark mixture set, which is in the same size interval. This is further evidence that this scatterplot is very sensitive to grain size, especially for the smaller sizes.
All the Vesta units, both bright and dark, fall in the same grain size region, confirming the previous results i.e., that the grain size is not the cause of the albedo variations across Vesta (Fig. 11b) .
CC versus impact melts
The scatterplot shows a nearly linear decrease of band depth and reflectance for increasing content of CC in the eucrite-Murchison intimate mixture (see Fig. 11a and Table 2 ) which correlates well with the DM-BM clusters (Fig. 11b) : the direction from bright towards dark materials on Vesta has the same direction of the increasing carbonaceous chondrite abundance in the mixture, suggesting a close relationship between the two dataset. However, other darkening agents cannot be excluded.
The meteorite Padvarninkai is the most heavily shocked eucrite known (Yamaguchi et al., 1993) ; the RELAB spectra we used in our analysis are from an impact melt rich sample of Padvarninkai and their position on the scatterplot is compatible with dark materials (for both the grain size intervals 0-25 and 25-45 lm). The eucrite breccia Macibini has an impact melt clast composed of approximately 50% devitrified glass and 50% silicates (Buchanan et al., 2000) , located close to both Padvarnikai and to the DM cluster. Thus, shock processed HED cannot be excluded as a possible dark component on Vesta, even if there are examples of other shocked HED that have high albedo properties.
Other possible darkening agents are metals, and even if the presence of large abundance of metals is unlikely, we also plot the pyroxene metal mixture group (Fig. 11a) . The presence of metal in a mixture tends to lower both the albedo and the band depth II, similar to what is observed for CC-eucrite mixture: their behavior is practically coincident especially for lower amount of darkening agent (metal or CC).
The scatterplot of OH band depth versus albedo for all the VIR observations (Fig. 12) shows that band depth increases as albedo decreases, as found in De Sanctis et al. (2012b) .
This strongly suggests that the most plausible explanation for low albedo material is addition of a carbonaceous chondrite-OH rich material. If we include DM units in this scatterplot, we note Zambon et al. (2014) . A lower band depth value for DM is also observed. Band depths of HED samples at different grain sizes are also plotted. The effect of the increasing grain size is to increase the band depths. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 10 . Band I Center versus Band II Center scatterplot. This scatterplot helps to infer the composition of DM (gray dots) and BM units (gray diamonds). Band centers located at shorter wavelengths correspond to diogenites, whereas longer wavelengths correspond to eucrites. Most of the DM and BM have a eucritic to howarditic/eucritic composition. The eucritic component is even larger in DM units. Fig. 9 . DM spectra variability. Average spectra of DM of the different types. Whereas the spectra of an ejecta (VD3), crater rim (VD7) and areal feature (D54) are similar to each other, the linear feature (D83) spectrum shows an average higher reflectance and deeper band depths. Fig. 12 . OH-band depth (absolute) versus albedo @ 1.2 lm scatterplot. The white circles represent the dark material units; they are super-imposed on the density plot of the whole Vesta dataset (number of observations increases from black to red, where black indicates less than 150 observations). The DM units follow the same behavior of the whole Vesta surface, with OH-band depth increasing with decreasing albedo. Only a few points seem to depart from this behavior and are typically affected by a larger uncertainty (lower S/N ratio). (Cloutis et al., 2013) . The open circles represent the mixture of pyroxene and a metal contaminant at different abundances with grain size of 0-45 lm (Cloutis et al., 1990) that they clearly follow this general trend (Fig. 12) , confirming that even for the individual dark material units, the main source is the CC materials, with shock processed materials or metals possibly present as minor products since they are not expected to have stronger 2.8 lm band depths. This does not exclude that, rarely, shock processed materials and metals can be present as a major source but only in a few individual units.
A cross check with the DM catalogue (Table 1) confirms that more than 90% of the dark material units show an OH absorption band depth between 1% and 3.3%, whereas for less than 10%, the OH absorption feature seems to be absent or very weak. In Fig. 13 we show an example of two units, the dark ejecta VD3 and the linear feature D83. Interestingly the D83 does not follow the typical trend of OH band depth versus albedo seen on Vesta. In one observation, the OH feature was not detected, whereas in the other observation (shown in Fig. 13 ), the very weak OH absorption band is completely independent from the albedo. Therefore, unit D83 could be one rare example of dark material not containing carbonaceous chondrite.
CC abundance and grain size evaluation on Vesta
By using the reflectance versus BDII scatterplot ( Fig. 11a and b) , we can try to evaluate both the grain size and the CC abundance in dark material units.
As far as the grain size is concerned, both the dark and the bright material units have on average the same size. With only very few exceptions, the Vestan dark and bright materials lie between the 0-25 and 25-45 lm size boundaries. From this result it is evident that, on Vesta, the regolith grain size seems to be nearly constant with an average value of 25 lm, and a maximum value of 45 lm. This could have important consequences on the surface evolutionary scenarios, as opposed to the current view where the brightest material is the most pristine and can possibly be associated with coarse grained or coherent rocks whereas the darkest units are the more processed and mixed and could have undergone efficient comminution, reducing their size (e.g. Li et al., 2013) .
The same scatterplot shows a nearly linear decrease of band depth and reflectance for increasing content of CC in the eucrite-Murchison intimate mixture (see Fig. 11a and Table 2 ). If we take that linear trend as reference, the retrieved abundance of the CC component in PRA 04401 should be about 50%, similar to the value ($40% of visible CM2 clasts) estimated by Cloutis et al. (2013) . Moreover it is useful to remark that the total modal abundance of visible carbonaceous chondrite fragments in the PRA 04401 meteorite is $60% (Herrin et al., 2011) . This implies that the reflectance-BDII scatterplot can be a reliable method to evaluate the CC abundance in a mixture with eucrites and that we can define the boundaries for different CC abundance (as an example in Fig. 11a and b we plotted the 0%, the 10% and the 30% lines).
By assuming such a fine regolith size, using the eucrite-Murchison intimate mixtures (at 0-45 lm) is a proper way to evaluate the abundance of carbonaceous chondrite material in DM units. Again, on the same scatterplot (Fig. 11b) , nearly all the DM units on Vesta are located within the boundaries of 10-30 vol.% of CC. This global result does not exclude that on a local scale, single units may show larger abundance of carbonaceous material. However, it is important to remark that among all the DM units we were not able to find a single unit composed of a pure carbonaceous chondrite. Extrapolating this result to the bright units, it appears that many of them are still contaminated by smaller amounts (<10%) of carbonaceous chondrite material and that it is very difficult to find bright materials completely free of dark contaminant.
Conclusions
In this work, dark material units have been detected and then defined on the surface of Vesta. We defined DM units assuming a relative reflectance criterion, i.e., areas showing a reflectance lower than the surroundings. By coupling visible and infrared images of the same area, we are able to select real dark material units, discarding illumination effects, such as shadowed or poorly illuminated regions that are also typically cold. We compiled a detailed DM catalogue that includes 104 dark units (i.e. reflectance at least 15% lower than the surroundings) and 19 very dark units (i.e., reflectance at least 30% lower than the surroundings). Most (60%) of the DM units are associated with impact-related features, i.e., ejecta or craters (rim, floor or wall). Other DM units are associated with areal features and linear features. As found by Jaumann et al. (2014) by using Framing Camera data, we confirm a larger concentration of DM units around the Veneneia impact basin.
The spectral properties of the DM have been discussed by applying a photometric correction of the parameters such as band depth, band center, BAR, and OH band depth. The parameters which best characterize DM, besides reflectance, are the depths of Band I and Band II, which are always lower than the Vesta average and the bright units. Conversely, band centers and BAR do not change, suggesting a composition similar to the average Vesta surface. The only relevant compositional difference is that the darker materials seem to be slightly more eucritic than the bright ones. In contrast to what was inferred by Reddy et al. (2012c) , even a detailed study of the albedo versus BDII does not allow one to determine the origin of DM units, because both the impact melt and the eucrite-CC mixture can be plausible sources. A definitive element in favor of a carbonaceous chondritic origin for most of the DM is given by the OH absorption band depth versus reflectance scatterplot behavior, where the darkest DM are also the richest in OH, similarly to what was found by De Sanctis et al. (2012b) . In this scenario, shock processed materials may be present in a few areas as minor products. One example of this type seems to be represented by the linear feature D83, which is an OH-free DM deposit. There are few possible explanations for the presence of DM units not enriched in OH. One possibility is that they include CC material dehydrated by violent impacts (see, e.g. ). The D83 unit shows a very weak OH band depth that is independent of albedo. Rubin and Bottke, 2009) , and this fits well with the fact that this kind of impact should be marginal with respect to the average low velocity impacts which hit Vesta. Another possibility is that they are impact melts, and even this scenario fits well with the scarcity of observed melts among the HED meteorites (McSween et al., 2013) or on Vesta (Schenk et al., 2012) . A third very interesting possibility is they are anhydrous metal rich materials. Meteorites of this type include mesosiderites, which could contain up to 50% metal (Scott et al., 2014) and were recently proposed to have originated from Vesta (Greenwood et al., 2006; Scott et al., 2014) , even if the first attempts to detect them by means of the VIR spectra failed (Palomba et al., 2012) . A follow-up in-depth analysis of these ''dry'' DM units is planned in the near future to better clarify their nature.
Finally, we have shown that the BDII versus reflectance scatterplot can be used to infer carbonaceous chondrite abundance and grain size of the uppermost regolith of Vesta. According to laboratory data, the maximum retrieved abundance of dark contaminant is less than 30 vol.% of carbonaceous chondrites, a value well below the typical value found for PRA04401 (60%), while the grain size on Vesta is possibly around an average value of 25 lm, and seems to be not much larger than 45 lm. Geological analysis demonstrates that the dark material is concentrated in the first 2 km of the subsurface as isolated patches and that impact excavation is the more important mechanism to bring both fresh brighter material and dark patches to the surface or near the surface . The apparent size homogeneity we observe among all the materials on the surface of Vesta indicates that the regolith grain size should be well mixed horizontally and vertically, at least in the first hundreds of meters beneath the surface. The fact that thick patches of DM are found at depth and have the same fine grain size of all the other DM units, suggests that the collisional erosion should have been a marginal process. It is more likely that the present DM size is close to the original accreted size. If true, this result would argue against the scenario of large blocks of spall material from impacts with carbonaceous asteroids at the origin of the DM units (Reddy et al., 2012b; McCord et al., 2012) , or a continuous flux of meteoroids (Turrini et al., 2014) and would support the idea that DM was accreted in the form of dust (De Sanctis et al., 2012b) . The burial further constrains the accretion to be older than the Rheasilvia basin-forming event (the last major event that may have generated a thick layer of regolith) but not necessarily older than the Veneneia basin-forming event. A model of regolith redistribution due to the major observed craters (Marchi et al., 2012) is needed in order to see if this scenario is consistent with the spatial distribution of the DM units.
